their interactions with other compounds have not been well investigated. The interactions of carboxylic acids results from the complex balance of dissociation and association in the carboxylic groups, which strongly depend on the experimental conditions such as pH. The combination of carboxyl groups and carboxylate anions in FnHmCOOH molecules suppresses the potential interaction between the hydrophobic chains of the acid and guest molecules. Therefore, we have shifted our attention to CF 3 CF 2 n 1 CH 2 m OH or FnHmOH molecules, which is not easily affected by pH. The fluidity of DPPC monolayers is perturbed by the addition of F8HmOH molecules 11, 12 , i.e., such perturbation is significantly related to the total chain length or fluorination degree in an F8HmOH molecule. In fact, the incorporation of F8H5OH molecules cause a fluidization of the DPPC monolayers 12 . On the other hand, longer F8H11OH molecules show a solidifying effect on them 11 .
sures. Thus, the degree of fluorination in partially fluorinated chains may produce an unexpected interaction with lipids. Herein, we extend the studies on the mutual interaction between fluorinated amphiphiles and DPPC. The interfacial behavior and lateral interaction for the binary DPPC/ F8H9OH system were elucidated by a Langmuir monolayer. The surface pressure π -molecular area A and surface potential ΔV -A isotherms were measured thermodynamic data . The phase behavior and monolayer morphology were visually observed by Brewster angle microscopy BAM , fluorescence microscopy FM , and atomic force microscopy AFM . The miscibility between the two components was systematically investigated on macro/nanoscale. Furthermore, compared to the previous data for the binary DPPC/F8HmOH systems 11, 12, 20 , we describe a relationship between the fluorination degree in F8HmOH and interaction with DPPC monolayers.
EXPERIMENTAL 2.1 Materials
Perfluorooctyl nonanol F8H9OH was synthesized via a previously reported procedure 21 . L-α -Dipalmitoylphosphatidylcholine DPPC; purity >99 and the fluorescent probe, 1-palmitoyl-2-6-7-nitro-2-1,3-benzoxadiazol-4-yl amino hexanoyl -sn-glycero-3-phosphocholine NBD-PC , were obtained from Avanti Polar Lipids Alabaster, AL . These lipids were used as received without further purification. n-Hexane >98. 5 and ethanol >99.5 were obtained from Merck KGaA Uvasol, Darmstadt, Germany and nacalai tesque Kyoto, Japan , respectively. The n-hexane/ethanol 9/1, v/v mixture was used as the spreading solvent. Sodium chloride nacalai tesque was roasted at 1023 K for 24 h to remove all the surface active organic impurities. The subphase solution was prepared using thrice distilled water surface tension 72.0 mN m 1 at 298.2 K; electrical resistivity 18 MΩ cm .
Methods

Surface pressure-area isotherms
The surface pressure π of monolayers was measured using an automated custom-made Wilhelmy balance. The surface pressure balance Mettler Toledo, AG-245 had a resolution of 0.01 mN m 1 . The pressure-measuring system was equipped with filter paper Whatman 541, periphery 4 cm . The trough was made from Teflon-coated brass area 720 cm 2 . Teflon barriers both hydrophobic and lipophobic were used in this study. The π -molecular area A isotherm was recorded at 298.2 0.1 K. The stock solutions of DPPC 1.0 mM and F8H9OH 1.0 mM were prepared in n-hexane/ethanol 9/1, v/v . The spreading solvents were allowed to evaporate for 15 
Surface potential-area isotherms
The surface potential ΔV and π were recorded simultaneously when the monolayer was compressed at the airwater interface. The process was monitored using an ionizing 241 Am electrode, which was placed at 1-2 mm above the interface, while a reference electrode was dipped in the subphase. The electrometer Keithley 614 was used for the ΔV measurement. The SD for ΔV was 5 mV 24, 25 .
Brewster angle microscopy BAM
The monolayer was directly visualized at the air-water interface by a Brewster angle microscope KSV Optrel BAM 300, KSV Instruments Ltd., Finland coupled to a commercially available film balance system KSV Minitrough, KSV Instruments Ltd. . The use of a 20 mW He-Ne laser emitting p-polarized light of 632.8 nm wavelength and a 10 objective lens allowed a lateral resolution of 2 μm. The angle of the incident beam to the interface was fixed to the Brewster angle 53.1 at 298.2 K. The reflected beam was recorded with a high grade charge-coupled device CCD camera EHDkamPro02, EHD Imaging GmbH, Germany , and the BAM images were digitally saved on the computer hard disk 11, 12, 26 .
Fluorescence microscopy FM
The film balance system KSV Minitrough was mounted onto the stage of an Olympus microscope BX51WI Tokyo, Japan equipped with a 100 W mercury lamp USH-1030L , an objective lens SLMPlan50 , working distance 15 mm , and a 3CCD camera with a camera control unit IK-TU51CU, Toshiba, Japan . A spreading solution of the cosolubilized samples was prepared and doped with 1 mol of the fluorescence probe NBD-PC . The image processing and analysis were carried out using an Adobe Photoshop Elements ver. 7.0 Adobe Systems Inc., CA software. The total amount of ordered domains dark contrast regions was evaluated and expressed as a percentage per frame by dividing the respective frame into dark and bright regions. The resolution was 0.1 and the maximum SD was 8.9 . More details on the FM measurements have been provided in a previous paper 11, 27 .
2.2.5 Atomic force microscopy AFM The Langmuir-Blodgett LB films were prepared using the KSV Minitrough. Freshly cleaved mica Okenshoji Co., Tokyo, Japan was used as the supporting solid substrate for the film deposition vertical dipping method . At selected surface pressures, a transfer velocity of 5 mm min 1 was used for single-layer deposition. The film-forming materials were spread on a 0.15 M NaCl solution at 298.2 K. The transfer occurs in a manner so that the hydrophilic part of the monolayer is in contact with mica while the hydrophobic part is exposed to air. The LB films with a deposition rate of 1 were used in the experiments. The AFM images were obtained using an SPA 400 instrument Seiko Instruments Co., Chiba, Japan in the tapping mode. The AFM observations were performed in the air at room temperature and provided both topographical and phase contrast images. Other details about the AFM measurements have been reported previously 10, 22 .
RESULTS AND DISCUSSION
π-A and ΔV-A isotherms
The surface pressure π -molecular area A and surface potential ΔV -A isotherms for the two-component monolayer of DPPC and F8H9OH on a 0.15 M NaCl solution at 298.2 K are shown in Fig. 1 forms a typical ordered monolayer under the present conditions. The insolubility and monolayer stability of F8H9OH with respect to the water subphase have been confirmed in a previous paper 21 . The π c value and limiting area of . The F8H9OH monolayers indicate a negative ΔV value over the entire A. The negative ΔV value for the monolayer made of fluorinated amphiphiles has been well discussed 9, 11, 12 . Thus, the orientation of F8H9OH monolayers was also improved. The π-A isotherms for the binary DPPC/F8H9OH monolayer regularly shift within those for pure components curves 1 and 7 . Apparently, the π eq value decreases with increasing mole fraction of F8H9OH X F8H9OH , i.e., the solidification of DPPC monolayers was induced by the addition of F8H9OH 9, 11 . Moreover, the isotherms exhibit a change in π c against X F8H9OH . The ΔV-A isotherms shift from positive to negative values as X F8H9OH increases 9, 12, 23 . These isotherms provide thermodynamic evidence of the monolayer miscibility between the two components.
Excess Gibbs free energy
A lateral interaction between DPPC and F8H9OH monolayers can be analyzed in terms of the excess Gibbs free energy of mixing , which is estimated from the π-A isotherms Fig. 1 
where A i and X i are the molecular area and mole fraction of component i, respectively, and A 12 is the mean molecular area in the binary monolayer. For identical interactions between the two components, the value of is zero, i.e., they are ideally mixed in the monolayer or are completely immiscible similar to a patched packing 31, 32 . A negative value of indicates that an attractive interaction exists between the two components. The value is plotted as the functions of X F8H9OH and π in Fig. 2 . The plots can be divided into two regions at the boundary of X F8H9OH 0.5. At 0 < X F8H9OH ≤ 0.3, a complicated behavior against surface pressure was observed. This is attributed to the phase transition of monolayers from disordered to ordered states upon compression: e.g., the monolayer for X F8H9OH 0. Fig. 1 . At a constant π e.g., 35 mN m 1 , the minimum value is produced at X F8H9OH 0.9, indicating that the affinity between DPPC and F8H9OH monolayers becomes the largest at X F8H9OH 0.9.
Two-dimensional phase diagrams
A phase diagram π vs. X F8H9OH for the binary system at 298.2 K is shown in Fig. 3 . As mentioned above, the solidification of DPPC monolayers induced by the F8H9OH addition results from the decrease in π eq against X F8H9OH . Therefore, the slope of ∂π eq /∂X can be considered to express the degree of the solidification negative or fluidization positive 8, 26 . The inclination for the DPPC/F8H9OH system 0 The experimental π c values also vary against X F8H9OH .
Therefore, the two components may be miscible within a monolayer state. The coexistence of a phase boundary between the monolayer phase 2D and bulk phase 3D of the molecules that are spread on the surface can be theoretically simulated by using the Joos equation under the assumption of a regular surface mixture 33, 34 , 
.47 for 0 ≤ X F8H9OH ≤ 0.2 and x 0.11 for 0.2 ≤ X F8H9OH ≤ 1. In the latter region, the two components are regarded as almost ideal mixing. The interaction energy Δε is given as follows:
where z is the number of nearest neighbors per molecule, equal to six, in a close-packed monolayer and the interaction energy is Δε ε 12 ε 11 ε 22 /2 33 ; ε 12 denotes the potential interaction energy between components 1 and 2.
The calculated x and Δε are listed in Table 1 , where the values for the other binary systems of DPPC/F8HmOH are also listed for comparison purpose 11, 12, 20 . The x value for all the systems except for m 5 is quite larger in magnitude in the small X F8HmOH region. In contrast, in the large X F8HmOH region, the two components cause almost the ideal interaction. Therefore, the mode of mutual interactions is different at the boundary between m 5 and 7. Moreover, the variation in π eq with X F8HmOH supports the boundary; convex variations fluidization for m 5 and linear or nonlinear negative values solidification for m ≥ 7. Among the systems for m ≥ 7, F8H11OH indicates the largest solidifying effect on DPPC monolayers. The extension of methylene -CH 2 -in a partially fluorinated chain significantly contributes to the solidifying effect. However, the degree of the effect is not reflected in the x value. This may be due to the fact that the monolayer is in the closest packing at π c . Thus, it is suggested that the mode of the binary interaction at low surface pressures is different from that at high surface pressures. Indeed, such opposite mode of interactions was remarkably observed for the DPPC/F8H7OH system 20 .
BAM observations
The phase behavior of the binary monolayer has been observed directly on a 0.15 M NaCl solution by BAM. The representative images are shown in Fig. 4 . In the BAM observation, the dark and bright contrasts are respectively assigned to LE or disordered and LC or ordered phases of monolayers. All the BAM images below π eq are optically homogeneous data not shown . As for DPPC monolayers the first column , LC domains begin to be formed at π eq 11 mN m 1 , and then they grow in size and number with increasing surface pressures. The detailed analysis on the morphology of DPPC monolayers has already been reported elsewhere 11, 27 . On the other hand, F8H9OH monolayers exhibit optically homogeneous images over the entire π as easily expected from the π-A isotherm curve 7 in Fig. 1 . The BAM images for the binary monolayer shown here indicate different morphologies from those for DPPC alone. A small amount addition of F8H9OH X F8H9OH 0.05 induces a size increment of the ordered domains, where the domain shape does not change significantly. With further addition X F8H9OH 0.1 , the magnitude of the domain growth becomes larger and the domain shape also varies to become round. In complete contrast to the size increase, a high dispersion of the ordered domains is caused at X F8H9OH 0.2. This phenomenon is often observed for a system containing fluorinated amphiphiles 10, 11 . Above X F8H9OH 0.2, the BAM images are homogeneously dark over the entire π data not shown , i.e., a fine dispersion of the two components is induced within the BAM resolution.
FM observations
The in situ micrographs for the DPPC/F8H9OH monolayer were obtained with fluorescence microscopy FM . In contrast to BAM, FM is an indirect technique for the visualization of monolayers at the surface because of the use of a fluorescent probe in this case NBD-PC . In the FM observation, however, the phase behavior can be caught with higher resolution and magnification. The bright and dark contrasts correspond to the disordered and ordered phases, respectively, as opposed to the corresponding BAM image Fig. 4 . In fact, the FM image of DPPC monolayers the first column is clearer in contrast compared to the BAM image. The shape of the LC domain is characteristic of DPPC monolayers, which has been discussed well 11, 12, 35, 36 .
At X F8H9OH 0.05, three anticlockwise arms of the LC domain DPPC change to a round form, which closes the disordered domain at its center. Moreover, these domains grow in size upon compression and accordingly the ratio of ordered domains per frame increases. Similar morphology is observed even at X F8H9OH 0.1. However, the disordered domain bright located at the center of ordered domain disappears. It is widely accepted that a domain formation is controlled by the balance of line tension at the boundary between the disordered and ordered domains and longrange dipole-dipole interactions between the ordered domains 37 . Therefore, these shape variations mean that the line tension rather than the dipole interaction significantly contributes to the domain formation. On the other hand, the FM images at X F8H9OH 0.2 show a different behavior from those at X F8H9OH 0.05 and 0.1. The domain shape takes on the characteristic form of DPPC monolayers once more. This phenomenon suggests that the large amount addition of F8H9OH has few effects on the line tension or the dipole interaction with regard to the domain formation. Therefore, the mode of interaction between the two components is found to change significantly at X F8H9OH 0.2, which is in good agreement with the result of phase diagram at high surface pressures Fig. 3 . In X F8H9OH ≥ 0.3, the FM images remain optically homogeneous in contrast regardless of surface pressure. Unfortunately, this is attributed to the resolution limit of FM apparatus similar to the BAM observation. Therefore, the morphological analyses in X F8H9OH ≥ 0.3 were carried out in the next section. Figure 6 shows the plots of a percentage of the ordered domain per frame of FM images Fig. 5 , as a function of π . The ordered domain ratio for the entire compositions here increases monotonically with increasing π and finally reaches 90 at 30 mN m 1 , which is the same behavior as the F8H7OH and F8H11OH systems 11, 20 . Therefore, this result supports the evidence of no fluidizing effect of F8H9OH on DPPC monolayers. To understand the distribution of each component in FM images, the following property needs to be taken into consideration as well; F8H9OH forms an ordered monolayer dark contrast in the temperature range from 283.2 to 303.2 21 , whereas DPPC domains are expressed by both bright LE and dark LC contrasts depending on surface pressure. If the F8H9OH domain is indicated by bright contrast disordered , the ordered domain ratio should decrease quantitatively with an increase in X F8H9OH . In this case, the ratio is kept to high values in spite of the X F8H9OH increment. Thus, the ordered domain in the binary system is composed of both DPPC and F8H9OH. On the other hand, the disordered region corresponds to the LE phase of DPPC monolayers. These distributions are also supported by the domain variation as mentioned above.
AFM observation
One-layer Langmuir-Blodgett LB films transferred onto a mica for the DPPC/F8H9OH system have been visualized by AFM. The AFM topography for pure DPPC monolayers at 35 mN m 1 is optically homogeneous data not shown . The formation of surface micelles is often observed in the LB film for partially fluorinated compounds 17, 18, 38 . Therefore, the key factors to form the 2D micelle are considered to be a weak van der Waals interaction between the fluorocarbons 20 and a further reclining fluorocarbon moieties at the linkage CF 2 -CH 2 . Considering the fact that no micelle is formed for F8H5OH and F8H11OH 11, 12 , this result suggests that the stability of surface micelles strongly depends on the total hydrophobic chain length and/or the degree of fluorination in hydrophobic chains. Figure 8 shows the AFM images for the two-component system at X F8H9OH 0.3, 0. This behavior suggests that the phase separation at the nanometer scale is promoted by the composition. The similar but unclear-contrast topographies are exhibited at X F8H9OH 0.7. In a strict sense, the DPPC-rich domains bright contrast are dispersed to many noncircular fragments by the surrounding F8H9OH molecules. It is worthwhile that surface micelles are formed at X F8H9OH 0.9 at 15 mN m 1 . Compared to the surface micelles in Fig. 7 , the contrast is somewhat unclear due to the miscibility between the two components and/or the decrease in F8H9OH purity. The binary DPPC/F8H7OH system at X F8H7OH 0.9 exhibits no micelles in the AFM image 20 , i.e., these images reveal that the surface micelle made of F8H9OH is more stable. At 35 mN m 1 , however, the surface micelle disappears and the morphology becomes flat within the height difference of <0.2 nm. This is attributed to the enhancement of miscibility between the two components upon compression 20 .
CONCLUSION
In this study, it was found that F8H9OH is miscible with DPPC in binary monolayer state. The π -A and ΔV-A isotherms were measured as a function of X F8H9OH . The isotherm data was used to evaluate the excess Gibbs free energy of mixing and phase diagram of surface pressure vs. . The scan area is 500×500 nm. The cross-sectional profiles along the scanning line (white line) are given just below the respective AFM images. The height difference between the arrows is indicated in the cross-sectional profile.
X F8H9OH . These analyses provided thermodynamic evidence of the binary miscibility. Although F8HmOH m 5, 7, 9, and 11 is miscible with DPPC monolayers, the interactions are different: a fluidizing effect on DPPC for m 5 and a solidifying effect for m 7, 9, and 11 were observed. Moreover, the in situ morphological observations by BAM and FM also supported the miscibility on the micrometer scale. The AFM topography of the one-layer LB film shows the formation of a monodispersed 2D surface micelle of F8H9OH, and the micelle was found to be more stable than that made by F8H7OH. The AFM images showed the dispersion of DPPC monolayers in nanometer scale induced by the addition of F8H9OH. This study also described the importance of CF 2 -CH 2 linkages in fluorinated amphiphiles for understanding their physicochemical properties and interactions with other compounds. . The cross-sectional profiles along the scanning line (white line) are given just below the respective AFM images. The height difference between the arrows is indicated in the cross-sectional profile.
